We present proper motion measurements of Boötes III, an enigmatic stellar satellite of the Milky Way, utilizing data from the second data release of the Gaia mission. By selecting 15 radial velocity confirmed members of Boötes III, along with a likely RR Lyrae member in the vicinity, we measure an error weighted mean proper motion of (µ α cos δ, µ δ ) = (−1.14, −0.98) ± (0.18, 0.20) mas yr −1 . We select and present further stars that may be Boötes III members based on their combined proper motion and position in the color magnitude diagram. We caution against assigning membership to stars that are not confirmed spectroscopically, as we demonstrate that there are contaminating stars from the disrupting globular cluster NGC 5466 in the vicinity of the main body of Boötes III, but we note that our results are consistent with previous Boötes III proper motion estimates that did not include spectroscopic members. Based on the measured proper motion and other known properties of Boötes III, we derive its Galactocentric velocity and compute its orbit given canonical Milky Way potentials with halo masses of both 0.8×10 12 M and 1.6×10 12 M . These orbits robustly show that Boötes III passed within ∼12 kpc of the Galactic center on an eccentric orbit roughly ∼140 Myr ago. Additionally, the proper motion of Boötes III is in excellent agreement with predictions for the retrograde motion of the coincident Styx stellar stream. Given this, along with the small pericenter and metallicity spread of Boötes III itself, we suggest that it is a disrupting dwarf galaxy giving rise to the Styx stellar stream.
INTRODUCTION
The orbits of the Milky Way (MW) satellites provide another dimension in understanding their formation and evolution. This has been most clearly shown for the Magellanic Clouds, whose proper motions (Kallivayalil et al. 2006 (Kallivayalil et al. , 2013 suggest that they are on their first passage through the Milky Way (Besla et al. 2007 ), changing our historical view of the Magellanic Stream (for a recent review, see D'Onghia & Fox 2016) . Until recently, proper motion measurements for distant MW satellites have required long baselines and (often) the precision of the Hubble Space Telescope (e.g., Sohn et al. 2013; Pryor et al. 2015; Casetti-Dinescu & Girard 2016; Piatek et al. Corresponding author: Jeffrey L. Carlin jcarlin@lsst.org 2016; Sohn et al. 2017; Fritz et al. 2017; Casetti-Dinescu et al. 2018, among others) .
The second data release (DR2) of the Gaia mission (Brown et al. 2018) included proper motion data with typical uncertainties of ≈1.2 mas yr −1 for stars with G≈20 mag, allowing proper motions and orbits for much of the MW's satellite population to be calculated (Gaia Collaboration et al. 2018; Simon 2018; Fritz et al. 2018; Kallivayalil et al. 2018; Watkins et al. 2018; Massari & Helmi 2018) . Among the ultra-faint dwarf galaxies, only a handful of systems (e.g., Tucana III, Crater II, and Segue 2; Simon 2018; Fritz et al. 2018) appear to be on orbits whose pericenters are near enough to the MW for them to have experienced significant tidal disturbance, in contrast to findings of some previous imaging and spectroscopic studies (e.g., Sand et al. 2009; Muñoz et al. 2010; Sand et al. 2012; Roderick et al. 2015; Collins et al. arXiv:1805.11624v2 [astro-ph.GA] 6 Aug 2018 2017; Garling et al. 2018, among others) , although the orbits of several systems are still too uncertain to draw definitive conclusions.
Here we focus on the proper motion and orbit of the enigmatic system Boötes III (BooIII). BooIII was discovered as a stellar overdensity, spanning ∼1 deg on the sky, nearly coincident with the Styx stellar stream (Grillmair 2009) . At the inferred distance of ≈47 kpc, BooIII is roughly 1 kpc in size (analogous to the diffuse system Crater II; Torrealba et al. 2016) . Its main body has an absolute magnitude of M V ≈ −5.8 mag (Correnti et al. 2009 ). Carlin et al. (2009) identified 20 candidate BooIII member stars via spectroscopic follow-up, and derived a systemic V =197.5±3.8 km s −1 , and velocity dispersion of σ=14.7±3.7 km s −1 , possibly inflated due to its dynamical state. This same spectroscopic sample indicated a stellar population with a significant spread in metallicity. Because of its distended morphology, metallicity spread, and possible association with the Styx stellar stream, BooIII has long been a candidate disrupting dwarf system (Grillmair 2009; Correnti et al. 2009; Carlin et al. 2009) , and now with the advent of Gaia DR2, this can be critically assessed via its inferred orbit. In §2 we gather the relevant Gaia DR2 data and measure the proper motion of BooIII. We also select and present further potential BooIII member stars based on their position on the color magnitude diagram and their proper motion. In § 3 we calculate the orbit of BooIII based on standard parameterizations of the Milky Way potential, and discuss BooIII's relationship with the Styx stellar stream. We summarize and conclude in § 4.
DATA AND ANALYSIS
We present the absolute proper motion (PM) of BooIII. Members of BooIII were selected based on spectroscopic velocities from Carlin et al. (2009) , who found a systemic velocity of V = 197.5 km s −1 from 20 member stars. These members include 6 blue horizontal branch (BHB) stars at a magnitude of g 0 ∼19, 1 while all of the other members are fainter, lower-RGB stars.
Proper motion of Boötes III
Of the 194 stars from the Carlin et al. (2009) spectroscopic sample, 174 have matches in the Gaia DR2 catalog, including 19 of the 20 candidate radial velocity (RV) members. All matches from our nearest-neighbor search 1 Throughout this work, we use colors and magnitudes from the PanSTARRS-1 (PS1) survey Flewelling et al. 2016; Chambers et al. 2016) . All magnitudes are corrected for extinction using E(B − V ) values for each star from the maps of Schlegel et al. (1998) , with coefficients for the PS1 bands from Schlafly & Finkbeiner (2011) . have positional offsets of < 0.3". We confirmed that the matches are reasonable by verifying that our original SDSS magnitudes match those from PS1 within 0.1 mag (for all but 6 stars; all stars agree within 0.25 mags). The proper motions of 17 of these stars are shown in Figure 1 (the other two have large proper motions that place them outside the boundaries of Figure 1 Fig. 1 , and the other 9 RGB candidates are blue symbols. Sesar et al. (2014) identified an RR Lyrae star from the Palomar Transient Factory (PTF; Law et al. 2009; Rau et al. 2009) data that is at a distance and radial velocity consistent with being associated with BooIII. This star is ∼ 1
• southeast of the nominal center of BooIII derived by Grillmair (2009) . We checked the proper motion of this star, and it is also consistent with BooIII (see green symbol in Figure 1 ), and we include it in our list of members, bringing the total to 16 members. The properties of these 16 stars, plus the five proper motion outliers we removed, are given in Table 3 .
The 6 BHB stars have mean proper motion (µ α cos δ, µ δ ) = (−1.17, −0.92) ± (0.24, 0.30) mas yr −1 , while the errorweighted mean proper motion of all 16 member stars is (µ α cos δ, µ δ ) = (−1.14, −0.98) ± (0.18, 0.20) mas yr −1 . Because these results are consistent within the uncertainties, we will use the proper motion from all 16 stars for subsequent analysis.
Refining the distance to BooIII
We re-derive the distance to BooIII with data from PS1. Specifically, we use the empirical ridgeline of Grillmair (2009) of 18.35 ± 0.01 mag. The formal uncertainty on our measured distance modulus would correspond to an uncertainty of ∼ 0.4 kpc. However, given the small number of stars used to constrain the fit, and possible uncertainties in the distance to M 15, we conservatively adopt a BooIII distance of d BooIII = 46.5 ± 2.0 kpc.
A search for further BooIII member stars
The 15 RV members of BooIII are highlighted in the color magnitude diagram (CMD) presented in Fig. 2 as large blue circles, with the BHB stars filled in as red points. We additionally include (as a green open diamond) the RR Lyrae star from Sesar et al. (2014) that is ∼ 1
• from our adopted center of BooIII, with a distance and radial velocity consistent with BooIII membership. The background CMD shows all stars from PS1 ) within 1
• of the BooIII center as gray points. The PS1 ridgeline of M 15 is shown as a solid black line in the CMD (Figure 2 ), with dashed lines on either side illustrating a ±2.0 kpc distance range about the mean of 46.5 kpc. We created a CMD filter based on this ridgeline, with width of 0.1 mag at g 0 = 16, increasing linearly to 0.2 mag width at g 0 = 22.5; stars selected with this filter, and at g 0 < 20, are highlighted as cyan points in Fig. 2 .
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We matched the PS1 catalog to Gaia DR2, and selected stars with proper motions consistent with our measurement for BooIII, in hopes of isolating bright RGB stars with precise Gaia proper motions. These proper-motion selected stars, with −3 < µ α cos δ < 1 mas yr −1 and −3 < µ δ < 1 mas yr −1 , within 30 of the BooIII center and also selected within the CMD filter, are shown as open black squares (PM-selected stars that are outside the CMD filter are gray squares), and their coordinates, magnitudes, and proper motions are given in Table 4 . There are only a handful of stars along the RGB ridgeline with an appropriate proper motion (and many of these may be contaminants; see below), suggesting that BooIII, like many other ultra-faint dwarfs (see Sand et al. 2012; Carlin et al. 2017; Mutlu-Pakdil et al. 2018 , for deep CMDs of comparable luminosity systems), has few RGB stars.
The error-weighted average proper motions of the 23 stars shown as open squares in Fig. 2 and at g 0 < 20 are (µ α cos δ, µ δ ) = (−1.04, −1.02) ± (0.17, 0.16) mas yr −1 . These are consistent (within the uncertainties) with the proper motions of the RV members. This is perhaps not surprising, because we selected them within a strict proper motion box centered on these values. However, we note that it is particularly important to use confirmed radial velocity members in order to accurately determine the proper motion of BooIII. This is necessary in order to mitigate contamination from the nearby, disrupting globular cluster NGC 5466. Stars from NGC 5466 are clearly visible among the PM-selected candidates (gray squares) in Fig. 2 , forming a main sequence turnoff at g 0 ∼ 19.8 (i.e., consistent with the ∼ 16 kpc distance to NGC 5466). NGC 5466 is ∼ 2.5
• from BooIII at a V =111 km s −1 , has a half-light radius of r half ∼ 2.3 (Harris 1996) , and a proper motion of (µ α cos δ, µ δ ) = (−5.40, −0.79) ± (0.004, 0.004) mas yr −1 . Deep imaging has shown that NGC 5466 is disrupting, with a prominent tidal stream (Grillmair & Johnson 2006; Belokurov et al. 2006 ), so it is not surprising to find members of this globular cluster in our 30 arcmin selection radius.
Since the stars that appear in our simple proper motion (and, to some extent, isochrone-filtered) selection seem to be contaminated by NGC 5466 stars, this suggests that selecting BooIII members only based on generous CMD and PM selections as in Massari & Helmi (2018) is likely to bias the resulting mean proper motion. We further note that globular cluster NGC 5272 (M 3) is ∼ 3.5
• from BooIII at a distance of ∼ 10.2 kpc, and has a proper motion within the box selection we used above. Thus, it is also possible that this cluster could contaminate samples that do not rely on confirmed RV members. However, given the agreement between our measured proper motions and those of Massari & Helmi (2018) , it appears that contamination from the nearby globular clusters (and possibly associated streams) has only a small effect on the results.
THE ORBIT OF BOÖTES III
With kinematics in hand, we now explore the orbit of BooIII. Given its extended nature and distorted morphology (Grillmair 2009 ), as well as its large velocity dispersion and metallicity spread (Carlin et al. 2009 ), we are particularly interested in testing whether BooIII is on an orbit that would have recently subjected it to significant tidal influence. We integrate orbits in a model Galactic potential using the galpy package (Bovy 2015) . In particular, we use the "default" MWPotential2014 model Galactic potential, which consists of a MiyamotoNagai disk, spherical bulge with power-law density profile, and an NFW (Navarro et al. 1997) halo (see parameters in Bovy 2015) . All calculations in this work assume a Solar radius of R 0 = 8.0 kpc, circular velocity at R 0 of V 0 = 220 km s −1 , and the Schönrich et al. (2010) Solar motion. Note that, as in galpy, we adopt left-handed Galactic Cartesian coordinates (velocities) with X(U ) positive in the direction toward the Galactic center, Y (V ) oriented along Galactic rotation, and Z(W ) toward the north Galactic pole.
The resulting orbit based on the mean values of measured parameters from Table 1 is shown as the dark blue curve in the left portion of Figure 3 . The motion is confined mostly to the Galactic Y − Z plane, taking BooIII to peri-and apo-center distances of ∼ 12 and ∼ 193 kpc, respectively -i.e., a rather eccentric orbit (e = 0.88). To place error bars on the orbital parameters, we integrate 1000 orbits, randomly selecting values from Gaussian distributions centered on the mean values of distance, V , and proper motions, with σ equal to the uncertainties quoted in Table 1 . We show these 1000 orbits as faint cyan-colored paths in Fig. 3 . The mean BooIII orbital parameters and their uncertainties are estimated as the 50th (median), 14th, and 86th percentiles of the distributions resulting from the 1000 integrations, and given in Table 1 . A small fraction of the orbits result in BooIII being unbound from the Milky Way.
The NFW halo implemented in galpy has a low mass relative to recent measurements of the MW halo potential (e.g., Watkins et al. 2018 , see summary of the wide range of MW mass estimates in Bland-Hawthorn & Gerhard 2016), which find a halo mass closer to ∼ 1.5 × 10 12 M , or roughly twice that of the galpy halo (which has 0.8 × 10 12 M ). We thus explore orbits in a modified version of the MWPotential2014 with the halo mass increased to 1.6 × 10 12 M . These are shown in the right half of Figure 3 , with the derived orbital parameters given in the "massive MW" column of Table 1 . The orbit in this more massive potential is still rather eccentric, with a similar pericenter as the low-mass MW model, but reaches an apocenter of only ∼ 90 kpc, with a much shorter period of ∼ 1 Gyr. Clearly the halo potential has a dramatic effect on radial orbits such as that of BooIII, which in turn suggests that BooIII may provide a sensitive probe to constrain the MW halo mass.
Are BooIII and the Styx stream related?
In the discovery paper announcing BooIII (Grillmair 2009) , it was noted that the Styx stream (also first seen in the same work) apparently passes through the position of BooIII, and is at roughly the same distance as BooIII, suggesting an association between them. While there are no confirmed kinematic members of the Styx stream, its relative distance from the Sun is reasonably well determined along its large angular extent on the sky. Figure 4 we compare our measured proper mo- tions for BooIII with the predictions by Grillmair (2009) . The proper motions of BooIII are inconsistent with the prograde orbit for Styx, and agree with the predicted retrograde orbit. In order for the Styx orbit to match that of BooIII, the radial velocity of Styx at the fiducial point used by Grillmair (2009) must be at the high end of their quoted range. If the Styx stream does indeed originate from BooIII (or from a common progenitor), then our derived orbit provides clear predictions for the expected kinematics and 3D spatial distribution of Styx stream stars. In particular, the orbit of BooIII suggests that the portions of Styx eastward of BooIII should be nearer to the Sun than at the fiducial point near BooIII, reaching distances of ∼ 19 kpc at RA ∼ 260 • (roughly the eastern edge of the SDSS footprint). This is contrary to the findings of Grillmair (2009) , who estimated that Styx stars are more distant in the eastern portion compared to the western region near BooIII.
Finally, we note that we could discern no obvious overdensity among Gaia DR2 proper motions within 5
• of BooIII that would suggest detection of the Styx stream's kinematics. This may be simply because the surface density of Styx stars is much too low to manifest as "clumping" in a proper motion vector point diagram such as Figure 1 . Definitively understanding the nature of Styx will likely require first identifying radial velocity members, which can then be used to pick members from Gaia with which to derive an orbit.
CONCLUSIONS & SUMMARY
BooIII passed within ∼ 12 kpc of the Galactic center on its eccentric orbit only ∼ 140 Myr ago. A dwarf galaxy on such an orbit would have been subject to significant tidal forces, which readily explains the distorted morphology of BooIII (Carlin et al. 2009; Grillmair 2009 ). Furthermore, we have shown that our derived orbit is directed along the Styx stream, confirming the association between BooIII and Styx. Because its orbit traces a large radial extent (from 12 R GC 190 kpc) in the Galaxy, BooIII+Styx will likely prove to be a valuable tracer of the shape of the Galactic potential.
Having identified proper motion outliers from our RV sample that cannot be members of BooIII, we can rederive the velocity from the remaining candidates (i.e., those listed as members in Table 3 ). We use a maximumlikelihood method (e.g.; Pryor & Meylan 1993; Hargreaves et al. 1994; Kleyna et al. 2002) to find V = 197.1 ± 3.6 km s −1 and σ v = 10.7 ± 3.5 km s −1 . This mean velocity is virtually unchanged from that of Carlin et al. (2009) , and the dispersion is consistent with their value of 14.0 ± 3.2 km s −1 . Although the dispersion decreased and is now closer to values typical of dwarf galaxies, it is still high, reflecting the apparent disrupting nature of BooIII. We also estimated the mean metallicity and its dispersion, and find [Fe/H]= −2.1±0.2 and σ [Fe/H] = 0.55 ± 0.19, virtually unchanged from the previously measured values. However, these are determined from only 10 low S/N spectra of faint stars, so cannot be used to make a definitive statement on the BooIII metallicity. The updated properties of BooIII based on our cleaned sample of members are summarized in Table 2 .
Because the main sequence turnoff of BooIII is near the magnitude limits of SDSS and PS1, and it has not been followed up with deeper imaging, its structural parameters are poorly constrained. From the known stars, it is possible that BooIII is simply an overdensity of tidal debris among the larger Styx stream. If the luminosity (M V ≈ −5.8) estimated by Correnti et al. (2009) is correct, then it is reasonable to assume that BooIII is indeed a disrupting dwarf that is the source of the Styx stream, which is broad (like dwarf galaxy streams) and has low surface brightness (i.e., does not likely contain a large fraction of the progenitor's stars). However, if BooIII is instead an overdense portion of the Styx stream (similar to the claims by Conn et al. 2018a ,b for Cetus II and Tucana V being clumps within the Sagittarius stream and SMC, respectively), our conclusions will not change substantially. The orbit we have measured is derived directly from a co-moving set of stars that are coincident in full 6D phase space. Likewise, our conclusions (based on the velocity and metallicity dispersions) that BooIII derives from a disrupted dwarf would still hold, except that instead of being the progenitor of Styx, it would simply be part of the debris from an unknown progenitor. Of course, if this is the case, then the Styx progenitor must still be unidentified, and our measured orbit can guide future searches for it.
It has been suggested (e.g., Pawlowski et al. 2012 ) that the majority of the Galactic satellites are part of a planar "Vast Polar Structure" (VPOS) with thickness ∼ 20 − 30 kpc, which could arise due to group infall or formation of tidal dwarfs in accretion events. The orbital pole of BooIII's orbit is (l, b) = (100.9
• , −58.9 • ), which is ∼ 76
• from the pole of the VPOS (Pawlowski & Kroupa 2013) . Furthermore, our measured proper motions are inconsistent with the predictions by Pawlowski & Kroupa (2013, their Table 4 ) for BooIII's proper motion if it was part of the VPOS. Thus it is unlikely that BooIII is associated with the plane of satellites around the Milky Way.
In Figure 5 , we compare our measured orbital properties for BooIII to those of dwarf galaxies near the MW (from Simon 2018; Fritz et al. 2018) . Only two MW dwarfs have smaller pericenters than BooIII: Tucana III, which is embedded in an extended stellar stream (DrlicaWagner et al. 2015; Li et al. 2018) , and the possibly tidally disrupted satellite Segue 2 (Belokurov et al. 2009; Kirby et al. 2013) , which shows a large discrepancy between the proper motion studies (indeed, the point in Fig. 5 from Fritz et al. 2018 is derived from only two spectroscopic candidates, and thus fairly unreliable). Figure 5 . Orbital pericenters and apocenters of MW dwarf galaxies as measured by Simon (2018, blue circles) and Fritz et al. (2018, red squares) . Objects in common between the two studies are connected by dashed gray line segments. Our derived parameters for BooIII are shown by the large black hexagon. All measurements reported in this figure used orbits integrated in the MWPotential2014 implemented in galpy (Bovy 2015) . BooIII occupies a region of parameter space that is not populated among the other MW dwarfs, with a close pericentric passage combined with a large apocenter.
Both of these objects, while on rather radial orbits, are confined to within ∼ 50 kpc of the Galactic center, while BooIII's orbit extends out to ∼ 200 kpc. The only objects near BooIII in r apo -r peri space are Tri II and Crater 2, which are also possibly remnants of disrupting dwarf galaxies (e.g., Kirby et al. 2015; Martin et al. 2016; Carlin et al. 2017; Kirby et al. 2017 for Tri II; Torrealba et al. 2016; Sanders et al. 2018 -though Caldwell et al. 2017 claims no evidence for tidal disruptionfor Crater 2). Based on the lack of satellites with similar orbital parameters, it appears that BooIII may be an object whose orbit would lead to rapid disruption, and that we have happened to catch before it has been completely destroyed.
We have derived the orbit of the enigmatic stellar overdensity BooIII, and shown it to be consistent with a tidally disrupting dwarf galaxy that is associated with the Styx stream. It is unlikely that BooIII would have survived many pericentric passages on its current radial orbit, so it may have been disrupted on its first infall into the Milky Way halo. BooIII is one of only a few known systems on orbits that pass within ∼ 10 kpc of the Galactic center, and thus provides a valuable probe of the process of tidal disruption and the Galactic potential responsible for that disruption. Deeper imaging and spectroscopic follow-up are needed to fully characterize the nature of BooIII and the associated Styx stream. Carlin et al. (2009) . a For RGB and RR Lyrae stars only; metallicities were not reported by Carlin et al. (2009) for BHB stars.
b Angular distance from the BooIII center derived by Grillmair (2009) .
c RR Lyrae star from Sesar et al. (2014) .
d No match in the Gaia database.
